Four representative strains selected from algicidal filamentous bacteria isolated from shrimp aquacultural ponds and coastal seawater of Kagoshima Bay were tentatively identified as the genus Saprospira and divided into 4 taxonomic groups as described previously. The small subunit ribosomal DNA (SSU rDNA) sequences of the 4 representative strains were determined and applied to a phylogenetic analysis with the type species of the genus Saprospira (S. grandis ATCC23116 and ATCC23119). The results revealed a close relationship between the isolated strains and S. grandis which belongs to the Flexibacter-Bacteroides-Cytophaga (FBC) group. PCR products of intergenic spacer regions (IGS) between large and small subunit ribosomal RNA genes were shown to be composed of two or three fragments by agarose gel electrophoresis. Higher molecular weight fragments of PCR products for IGS included tRNA Ile and tRNA Ala genes but the similarity values of IGS sequences among test strains were less than 60%.
The genus Saprospira has been described as a strictly aerobic bacterium with a helical multicellular filamentous form and gliding motility 8, 13) . Most strains of the genus have been isolated from aquatic environments, and were reported to lyse or predate other bacteria 9, 13) and microalgae 17) . To date, 11 species of the genus Saprospira have been identified by morphological and physiological characteristics 14) . However, all the Saprospira species deposited in institutes for type culture collections were lost except for Saprospira grandis (ATCC23116 and ATCC23119) and their phylogenetic relationship is not currently obvious.
In previous studies, we isolated 11 algicidal bacteria from shrimp aquacultural ponds and seawater of Kagoshima Bay, and tentatively identified them as the genus Saprospira based on their morphological and physiological features 6, 17, 18, 19, 20) . In addition, pigment contents, DNA-DNA hybridization, and restriction fragment length polymorphism (RFLP) of small subunit ribosomal RNA genes (SSU rDNA) suggested that they could be divided into 4 taxonomic subgroups and showed slightly different features from S. grandis 6) . Although it had not been reported that S. grandis attacks live eukaryotic cells, the isolated strains showed intensive predatory activity against marine diatoms such as Chaetoceros ceratosporum (Bacillariophyceae) 6, 17) , indicating that they utilized live eukaryotic cells for their growth.
The phylogenetic analysis of SSU rDNA is considered the most reliable method of determining the taxonomic relationships between microorganisms available at present. According to SSU rDNA sequence analysis, S. grandis belongs to the Saprospira subgroup 4) (also designated the Lewinella nigricans subgroup 11) ) of the FlexibacterBacteroides-Cytophaga (FBC) group. Meanwhile, intergenic spacer regions (IGS) between SSU rDNA and large subunit ribosomal RNA genes (LSU rDNA) have been generally applied to classify bacteria at inter-or intraspecies levels because of their variability 5, 12, 22) . In this study, we clarified the phylogenetic relationship between the algicidal filamentous bacteria and other related bacteria by DNA sequence analysis for SSU rDNA and IGS, and discussed their classifications.
Materials and Methods

Bacterial strains
In a previous study, 11 algicidal filamentous bacterial strains were isolated from shrimp aquacultural ponds and coastal seawater of Kagoshima Bay, and divided into 4 groups 6) . In the present study, SS90-1, SS91-40, SS92-11, and SS95-4 were used for SSU rDNA sequence analysis as representatives of each group. As reference strains, S. grandis ATCC23116 and ATCC23119 were also used. Bacterial cultures were performed in ZE-CI liquid medium as described in the previous paper 6) .
Extraction of bacterial DNA and polymerase chain reaction (PCR)
Bacterial DNA of the filamentous strains was extracted according to the modified method of Saito and Miura 15) . Designs of prokaryotic SSU rDNA-specific oligonucleotide primers, polymerase chain reaction (PCR) amplification, and cloning into the vector plasmid were carried out as described previously 6) . The oligonucleotide primers, EbITS16S and EbITS23S, for IGS amplification were designed based on the consensus sequences of SSU and LSU rDNAs from Ribosome Database Project II 11) and their sequences were 5'-TTGTACACACCGCCCGTC-3' and 5'-GGGTTBCCCCATTCGGANATC-3', respectively. The amplified PCR products were analyzed by 1.2% agarose gel electrophoresis and collected using the DNA extraction kit EASYTRAP (Takara Shuzo Co., Ltd., Japan). The purified PCR products were cloned into pT7Blue vector (Novagen, Inc., USA) and transformed into Escherichia coli DH5a (Life Technologies, Inc., USA).
Sequence analysis and construction of the phylogenetic tree
Nucleotide sequences of the cloned DNA fragments were determined with an ABI PRISM 310 Genetic Analyzer (PE Biosystems, USA) and ABI PRISM BigDye Terminator Cycle Sequencing Kit (PE Biosystems, USA). SSU rDNA nucleotide sequences of test strains were aligned by the ClustalX multiple sequence alignment program version 1.8 21) with representative strains of the FBC group. The loci containing gaps were excluded for further calculations. The obtained multiple alignments were used for bootstrap resamplings of 1,000 replicates 2) , distance matrix calculations by Kimura's 2-parameter model 7) , and the construction of a phylogenetic tree by the neighbor-joining method 16) using the Phylip program package version 3.572c 3) . The sequence data of IGS fragments were analyzed with the tRNAscan-SE program 10) for detecting tRNA genes in nucleotide sequences. The sequences of the putative tRNA genes, tRNA Ile and tRNA Ala genes, were concatenated and used to construct a phylogenetic tree in the same way as SSU rDNA.
Accession numbers
The strains and the accession numbers of the SSU rDNA nucleotide sequences used for the phylogenetic analysis are listed in Table 1 . The accession numbers of the IGS nucleotide sequences are also listed in Table 2 .
Results
Phylogenetic analysis on SSU rDNA sequences
The PCR-amplified SSU rDNA nucleotide sequences of four representative strains of marine algicidal filamentous bacteria, corresponding to positions 22-1515 from the Escherichia coli numbering, were determined and aligned with representative SSU rDNA sequences of the FBC group from Ribosome Database Project II 11) and DDBJ, and their genetic distances and similarity values were calculated (Table 3). The relationships between SS90-1 and SS91-40, and between SS92-11 and SS95-4 were considerably close and their similarity values were 92 and 97%, respectively. This result was supported by the unrooted phylogenetic tree inferred from a neighbor-joining method 16) (Fig. 1) . Furthermore, all test strains were shown to belong to the Saprospira subgroup and to be clustered with S. grandis (ATCC23116 and ATCC23119) in the phylogenetic tree. The Saprospira subgroup in the phylogenetic tree consists of S. grandis and ensheathed filamentous species such as Lewinella and Haliscomenobacter spp. As compared with the phylogenetic closeness among the four test strains and two reference strains of S. grandis, it was apparent that all test strains had a somewhat distant relationship with S. grandis at the species level. These relationships were confirmed by the bootstrap values of the clusters including the filamentous strains and S. grandis.
Gene organization of the IGS
An agarose gel electrophoresis of the PCR products ob-tained from IGS of test strains is shown in Fig. 2 . Two or three fragments were detected for each strain on the agarose gel. Except for SS92-11, the profiles of these bands were quite similar: one major band with a smaller size and two minor adjacent bands with larger sizes. However, the molecular sizes of each fragment were specifically different among test strains. SS92-11 showed only two bands and could be differentiated from other strains. For convenience, the IGS fragments were denoted IGS-A, IGS-B and IGS-C in order of size as indicated in Fig. 2 . IGS-A and either IGS-B or C (in the case of SS92-11, both IGS-B and C) were subjected to cloning and sequencing. After that, the sequence data of the IGS fragments were analyzed in order to detect tRNA genes. Multiple alignments and the gene organization of the IGS nucleotide sequences from test strains are demonstrated in Figs. 3 and 4 , respectively. These results revealed that IGS nucleotide sequences from test strains had too low a similarity, below 60%, among them to analyze the phylogeny. However, all strains had both of the tRNA Ile and tRNA Ala genes in either IGS-B or C and their sequences resembled each other. The phylogenetic tree inferred from the concatenated tRNA Ile and tRNA
Ala gene sequences demonstrated that SS90-1 was the closest relative to S. grandis, and SS91-40 and SS95-4 were the sister taxa of SS90-1 and the S. grandis cluster (Fig. 5) . SS92-11 was distantly related to the others and did not cluster with SS95- Fig. 1 . Phylogenetic tree inferred from the SSU rDNA sequences of Flexibacter-Bacteroides-Cytophaga group representatives and the filamentous bacteria. The tree was constructed by the neighbor-joining method 16) with 928 nucleotides of the SSU rDNA sequence. Escherichia coli was used as an outgroup. A scale bar indicates genetic distance. Numbers at the branching points indicate bootstrap values of 1,000 replicates. 4 , which was inconsistent with the phylogenetic tree inferred from the SSU rDNA.
Discussion
In previous studies, filamentous bacteria were isolated from seawater samples of Kagoshima Bay and shrimp aquaculture ponds by the double layer agar plate method 18, 20) . These strains showed algicidal activity against the bacillariophytes C. ceratosporum and Skeletonema costatum 17, 19, 20) . They could be divided into several groups according to morphology, pigment contents, and whole cell protein and lipopolysaccharide profiles 20) . As the importance of these features as a taxonomic marker was not clarified, these algicidal filamentous bacteria were tentatively identified as belonging to the genus Saprospira 13) mainly based on a multicellular helical filament form, a gliding Table 2 . Accession numbers of the IGS nucleotide sequences derived from the algicidal filamentous bacteria and Saprospira grandis. The values at upper right are percentages of similarity values, and the values at lower left are genetic distances. * The sequences of these strains were determined in this study. motility and the carotenoid composition. Saprospira spp. have been isolated from various aquatic environments, showing multicellular helical filaments and a gliding motility. To date, 11 species have been reported to compose the genus Saprospira 14) . The type species, S. grandis, isolated from marine environments, possesses saproxanthin as a carotenoid 1) and predates other bacteria, which was called "ixotrophy" by Lewin 9) . The GC content of the filamentous strains isolated by us was 35-38%, which is quite similar to Saprospira toviformis (38%) 14) . However, their taxonomic positions in the genus Saprospira are ambiguous, because SSU rDNA sequences of the Saprospira strains have not been reported and all of these strains have been lost from the culture collection except for S. grandis. The phylogenetic analysis of the filamentous strains based on SSU rDNA sequences in this study revealed a monophyletic relationship among these strains and S. grandis. Notably, SS90-1 and SS91-40 were clustered with S. grandis. This relativeness reflects the similarity based on morphological and physiological properties: they formed distinct helical filaments and had a saproxanthin-like carotenoid 20) . SS92-11 could be characterized as a group discriminated from SS90-1 and SS91-40, because it formed apparently straight filaments and possessed a flexixanthinlike carotenoid 20) . These differences were supported by the phylogenetic tree topology: SS92-11 and SS95-4 branched at a different position from S. grandis. In morphology and carotenoid profile, SS95-4 was similar to SS90-1 and SS91-40. However, it clustered with SS92-11 in the phylogenetic tree based on SSU rDNA.
Strain names IGS fragments
Because nucleotide sequences of IGS are more diverse than SSU rDNA, IGS has been applied to the grouping of bacteria at inter-and intraspecies levels 5, 12, 22) . To try and differentiate between the algicidal filamentous strains, IGSs were amplified by PCR and sequenced. The amplicons showed polymorphisms on agarose gel electrophoresis ( Fig.  2 ) and their band profiles or sizes were characteristic to each strain, suggesting that IGS can be applied to the differentiation and identification of these bacteria like the RFLP of SSU rDNA 6) . On the other hand, the nucleotide sequences of IGS were quite diverse among strains, which might make the multiple alignments incorrect (Fig. 3) and the phylogenetic analysis difficult. The tRNA coding regions were an exception and relatively conservative. The phylogeny inferred from the tRNA genes made it clear that SS90-1, SS91-40 and SS95-4 were closely related to each other with S. grandis and SS92-11 separated from the others (Fig. 5) .
Compared with the phylogeny of the SSU rDNA, the position of SS95-4 was inconsistent: it clustered with SS92-11 in the phylogenetic tree of the SSU rDNA, but formed a clade with SS90-1 and SS91-40 in the case of the tRNA genes. The latter reflects the phenotypic characteristics of the bacterial strains such as cell morphology and carotenoid composition. However, the relationships between SS95-4 and the others are currently inconclusive. In this study, the phylogenetic relationships among algicidal filamentous bacterial strains were analyzed using SSU rDNA nucleotide sequences and tRNA genes included in the SSU rDNA-LSU rDNA IGS. These strains were classified into a S. grandis-related group (SS90-1 and SS91-40) Ala gene were concatenated and the tree was constructed by the neighbor-joining method 16) . The scale bar and numbers at the branching points are the same as in Fig. 1. and a distantly related group (SS92-11) and this classification coincides with the phenotypic characteristics in general. Based on the similarity inferred from the DNA-DNA hybridization as described in a previous paper 6) , each strain was classified into the distantly related independent groups 6) and the phylogenetic position of SS95-4 currently remains controversial. The accumulation of molecular phylogenetic and phenotypic information about the algicidal filamentous bacteria may clarify this issue.
